The production of top quarks in single mode at future ep colliders is studied, the attention being mainly focused to the case of the proposed LEP LHC collider. We are motivated to reanalyse such a process following the discovery of the top quark at Fermilab. Thanks to the measurement of its mass one is now able to establish more accurately the relevance of single top production for itself and for many other processes to which it may act as a background. In addition, the recent improvement of our knowledge of the quark and gluon dynamics inside the proton now allows one to pin down the dependence of single top production on the partonic structure functions. Both the leptonic and hadronic decay channels of the top quark are studied and compared to the yield of the corresponding irreducible background in presence of b-tagging. 
Introduction
Now that the Fermilab experiments have clearly assessed the existence of the heaviest quark of the Standard Model (SM) 1] and given a rather accurate measurement of its mass 2], many of the theoretical calculations carried out in the previous years need to be updated to the current value of this fundamental parameter. In this paper, we turn our attention to the case of top production in single mode at future electron(positron)-proton colliders. As a further motivation for our revision we put forward the fact that a huge amount of data improving our knowledge of the parton distribution functions (PDFs) has been produced in the years following the early studies of top phenomenology at ep machines (see, e.g., Ref. 3] ), along with more detailed treatments of the dynamics of heavy quarks inside the proton. Therefore, the error associated with the partonic behaviour in the initial state should be at present signi cantly smaller than in the past. Finally, the reduction of the theoretical uncertainty in single top production also implies that other e ects, such as those due to the irreducible backgrounds, need now to be incorporated in more detailed phenomenological analyses. We calculate these e ects here for the rst time, in both the hadronic and leptonic top decay channels.
In order to illustrate the particular relevance of single top processes in electron(positron)-proton scatterings we remind the readers of the motivations for higher energy ep experiments.
Firstly, such colliders will be an obvious and unrivaled testing ground for QCD at very low Bjorken x 4] , in exploring the structures of both the proton and the photon 5] at the TeV scale, taking over the presently running HERA machine 6]. In connection with this point, we will show that the single top quark process discussed here can be useful in understanding the phenomenology of the PDF of the bottom quark.
Secondly, and particularly in the case of the proposed LEP LHC collider 3], they will be able to search for the Higgs boson of the Standard Model 7] (or the lightest neutral Higgs boson of the Minimal Supersymmetric Standard Model, MSSM) in the intermediate mass range 90 GeV < M < 130 GeV 8, 9] , in the case it may not be accessible at the LHC nor the existing colliders (see Ref. 10] for discussions on this point). As was discussed in 7] , the jet background due to the top quark will be large if only a single b-tagging is implemented in identifying the Higgs boson decay in the most favoured channel ep ! e W + W ? X ! e X ! e b bX 7] .
Thirdly, the rôle of an ep machine will be complementary to those of e + e ? (i.e., NLC) and pp (i.e., LHC) colliders in the search for New Physics such as leptoquarks, excited leptons, low mass sleptons, doubly charged Higgs bosons, and new vector bosons (see 4] and the references therein). Many of these processes have neutral current-type interactions of the form eq ! eq, and so the single top quark process, when the top quark decays leptonically to a bottom quark, a positron and an electron neutrino, is a potentially dangerous background which should be included in experimental simulations. As for the possibility of exotic top quark decays, the study of the Supersymmetric two-body decay modes is a straightforward extension of this project 11] and will be carried out elsewhere 12] .
Although the physics potential of a higher energy ep machine is suppressed compared to a pp one by the reduced centre-of-mass (CM) energy and luminosity, we stress its allure in the suppression of the initial state QCD noise, which allows for a cleaner environment to study the physics of the TeV scale, possibly before an NLC will be in operation 13]. We also mention that the physics of ep colliders, in conjunction with the possibility of their running in the p mode ; Z + g ! t t; (2) via charged (CC) and neutral current (NC) scatterings of an o -shell gauge boson against a gluon, the former being produced via bremsstrahlung o the incoming electron(positron) and the latter being extracted from the proton. In general, the CC channel dominates over the NC one, due to the larger phase space available. For m t = 175 GeV 2], the suppression is more than one order of magnitude at the TeV scale 16]. (Indeed, this is the reason why we will concentrate on W g fusion only.) In Ref. 16] , also a detailed signal-to-background analysis was carried out, in both the (semi)leptonic and hadronic top decay channels.
The Feynman diagrams describing reaction (1) induced, e.g., by positron beams, can be found in Figure 1a , where the top is considered on-shell. As the bottom mass is small compared to m t , the dominant contribution to the total cross section comes from diagram 1 of Figure 1a 
of a gluon into b b pairs (z being the fractional energy carried away by the (anti)quark). In fact, bottoms are not valence quarks, rather they materialise once the energy scale of the evolution reaches their production`threshold' at a given value b m b . The function P bg (z) is indeed the`coe cient function' of the logarithmically enhanced term. The b structure function then evolves with according to the DGLAP equations, from an initial condition of the sort, e.g., f b (x; 2 ) = 0 if 2 2 b . It follows then that single top production and decay via process (1) can be conveniently studied by computing the transition amplitude squared for the reaction (e.g., assuming incoming positron beams) e + b ! e t ! e bW + ! e bf f 0 ; (4) where f represents a lepton/neutrino or a u; d; s and c quark (produced in the top decay), appropriately convoluted with a b distribution function evaluated at the adopted scale 2 . We exploit here this approach. In our opinion, such a procedure (in which the parton is b) is more appropriate than the one exploited in Ref. 16 ] (in which the parton is g), especially at high energies. In fact, we have explicitly veri ed that for the values of p s ep considered here the dominant contribution to process (1) comes from con gurations in which the b is collinear with the incoming gluon. Since it is exactly such emission that is summed to all orders in perturbation theory in leading and next-to-leading logarithmic accuracy inside the b structure function when s ( . For the case of ep collisions at HERA they amount to approximately 2% of the result obtained by means of the b structure function approach, and they are rather insensitive to collider energies in the TeV range. Therefore we expect them to be well under control also at the proposed LEP LHC, so for the time being we do not include them in our calculation. Another reason for doing so is that we will also be concerned with the interplay between the single top signal and the non-resonant irreducible background, which is here computed at lowest order. 3 The interference between the two processes (6){(7) vanishes identically because of colour conservation. the quarks will easily be distinguishable. We perform all calculations for the case of e + p colliders, although the e ? p case is precisely identical since the calculations involve no valence quarks and are therefore invariant under the exchange e + $ e ? .
The plan of this paper is as follows. In Section 2, we describe the methods we adopted in the calculations of the signal and background processes. In Section 3, we present and discuss our results. Section 4 is a brief summary.
Calculation
The tree-level Feynman diagrams that one needs in order to compute processes (5), (6) and (7) are given in Figures 1b, c and d , respectively. For reaction (5) we show the diagrams for the case`= e, which is the most complicated. When`= or only ten out of the twenty-one diagrams in Figure 1b contribute. For processes (6){(7) the number of diagrams is independent of the avour j 4 . The single top quark signals (4) are produced by diagrams 11 in Figure 1b and 4 in Figure 1c , for leptonic and hadronic W decays, respectively. The remaining diagrams in Figures 1b and 1c represent the`irreducible' background to single-top production and decay. Reaction (7) does not contribute to the signal at all, but only to the background. 2 ), as given by our partonic structure functions. It can be noted that the bottom antiquark is also present inside the proton with an equal probability. When calculating rates for singletop production at e + p colliders, diagrams initiated by bottom antiquarks must also be considered. However, as long as the deep inelastic scattering of the proton takes place against a positron, such graphs do not produce a resonant top quark. The topologies of these bottom antiquark initiated graphs are easily deducible from those in Figures 1b and c. From the point of view of top quark studies, these act as additional backgrounds. Their production rates will be di erent from the case of e + b fusion if the CM energy at partonic level (i.e., pŝ ) spans the top quark production threshold. In contrast, the cross sections due to e + b initiated diagrams and proceeding via QCD interactions are identical to the yields of reaction (7) and the actual graphs are the same as those in Figure 1d , apart from the trivial operation of reversing the bottom quark line 5 . The possibility of the`2b' charged current processes e + q ! e b bq (where q is d, u, s or c) being mistagged as a single b event and acting as background to the hadronic channel can not be neglected, even when the b-tagging e ciency is high. If the latter is denoted by b , then the probability of misidenti cation is given by 2 b (1? b ), assuming no correlations between the two b-taggings. Thus the suppression of the 2b background with respect to the single b events is 2(1? b ). As our investigations concern mainly the top quark signal process (4), the complete analysis of single bottom quark processes being outside the scope of our present study, we content ourselves with an estimate of the degree to which this additional`irreducible' background could a ect the top quark and W boson mass reconstruction (the 2b background does not contribute to the leptonic case). Our explicit calculation, using the methods explained below, shows that after cuts in the reconstructed top quark and W boson masses are introduced, the cross section of the 2b process is of the same order as that of reaction (7) (di ering only by 10% at the LEP LHC energies), thus being quite small in the end (see Section 3.).
To calculate the squared amplitudes for processes (5){ (7) we have used the FORTRAN packages MadGraph 21] and HELAS 22] . The codes produced have been carefully checked for gauge and BRS 23] invariance at the amplitude squared level. The multidimensional integrations over the phase spaces have been performed numerically using the Monte Carlo routine VEGAS 24], after folding the partonic di erential cross sections with the appropriate quark densities. The programs that we have produced have been run on a DEC 3000 Model 300 alpha-station, on which the evaluation of, e.g., 10 6 events took some 14 minutes of charged CPU time to produce a cross section at the level of percent accuracy in the case of process (5) for the sum of the two contributions`= e and (the latter being equivalent to the case`= ): that is, for the channel involving the largest number of diagrams and the most complicated resonance structure.
All the codes implemented are available from the authors upon request. To allow for a prompt evaluation of single-top rates at any energy and for any choice of selection cuts, we have also calculated the amplitude squared of process (4) analytically, including top width e ects. In the leptonic case, and assuming all lepton and neutrino masses to be zero, it reads as follows 6 : jM e + b! eb 0`+ `j 2 = 2(4 em = sin 2 In the hadronic case, again assuming zero light quark masses, the above formula needs to be multiplied by the colour factor 3, and`+ and `r eplaced by d( s) and u(c) respectively.
The bottom quark sea distributions are not measured by experiment, but are obtained from the gluon distributions splitting into b b pairs by using the DGLAP evolution equations 26]. Therefore, the b structure functions are di erent from the light quark distributions, which do need to be measured as they involve non-perturbative QCD, for which a consistent theoretical framework does not exist. In contrast, the PDFs of b quarks evolve at energies of the order of the fermion mass m b or larger, so that their dynamics can be calculated by using the well assessed instruments of perturbative QCD. That is, given the PDFs of the gluon and of the light quarks, those of the b are precisely determined, as they do not contain any free parameters (apart from m b , of course).
We think that by the time that ep colliders at the TeV scale will begin to be operative, the uncertainty on the gluon distributions at medium and small x may be expected to be signi cantly smaller than at present, principally due to forthcoming improved measurements of the small x deep inelastic structure functions at HERA, and of large p T jet and prompt photon production at the p p (Di-)Tevatron at Fermilab and the pp LHC at CERN (the latter being scheduled to start running around 2005) 7 . Therefore, detailed studies of single top events produced in electron-proton collisions will allow one to constrain the error related to the dynamics of the g ! b b splitting in the DGLAP evolution. In fact, we expect the experimental information on b structure functions as collected at the end of the HERA, Fermilab and LHC epoch to be rather poor, if not inexistent. On the one hand, at the CM energy typical of the ep accelerator now running at DESY ( inevitably proceeds through either the production of top quarks in single mode 27], whose signatures su er from a huge background due to t t production viaand gg fusion, or via pure QCD interactions, biased by a large amount of light quark and gluon jet noise. These two problems can in principle be solved by future ep colliders. Firstly, they will be operating at the TeV scale thus allowing for a very much enhanced content of initial b quarks, which can be probed in the`kinematically' more de ned context of a DIS process of an electron(positron) against a proton. Secondly, as discussed previously, the single top mode via e p collisions has a much larger cross section than top-antitop production induced by g and/or Zg fusion 16] .
As default set of PDFs in most of the results presented in this analysis we have used the LO set CTEQ(4L), together with the one-loop expression for s . We have done so for reasons of consistency, as the hard scattering processes have been computed here at lowest order. However, as one of the motivations of this study is to investigate the dependence of process (4) on the evolution of the structure functions of bottom quarks inside the proton, we have produced our results for other 25 recent NLO PDFs which give excellent ts to a wide range of deep inelastic scattering data and to others from di erent hard scattering processes (see the original references for details). These are the packages MRS (A, A' MS was used. For these NLO sets, the QCD strong coupling constant s was in general evaluated at two-loop order at the scale = pŝ . The same choice has been made for the scale of all the mentioned LO and NLO structure functions.
In order to estimate the theoretical uncertainty related to the b quark distribution inside the proton, we will make use of the NLO sets. The spread of the corresponding results as obtained from the di erent packages (rather than the errors of the numerical integrations associated to the CTEQ(4L) set) can be taken as a possible estimate of the uncertainty of our predictions throughout the all paper 8 . The choice of using NLO sets in the estimation of the theoretical uncertainty is guided, on the one hand, by the fact that we will only be interested in relative di erences between the various predictions (so that any bias due to the use of LO MEs vs. NLO PDFs should be expected to be quantitatively similar for all sets), and, on the other hand, by the following considerations.
Historically, there were two theoretically consistent methods of introducing bottom quarks in scattering processes: namely, as a massless (1.) or as a massive (2.) quark. Preliminary comparisons between the various`heavy quark sets' and old sets have been performed in Refs. 41, 40, 42] , though results are not conclusive yet, since similarly tted parton distributions in the various schemes are not available in the literature at the moment, to allow for a consistent study 37]. Being such a comparison beyond the scope of this paper, we con ne ourselves to the computation of some relevant rates of process (4) with the mentioned NLO sets. In this respect, some peculiar di erences between the various PDFs should be recalled. For a start, the choice of the threshold b can vary, being in some instances set at . However, the value adopted in each set is chosen to match the data during the extraction, so that we do not expect s to be a signi cant source of uncertainty.
For the top mass we have taken (unless otherwise stated) m t = 175 GeV 2], whereas for the width ? t we have used the tree-level expression 43]. Leptons and u; d; s (and c as well) quarks were considered as massless in processes (5){(7). For simplicity, we set the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix element of the top-bottom coupling equal to one, the Standard Model prediction at the 90% con dence level However, since the constraints on the Higgs mass are rather weak (a lower bound of about 70 GeV from direct searches and a 95% con dence level upper limit of 420 GeV from the data mentioned) we studied the M H dependence of the EW contributions in processes (5){(6) and (8){(9), and found it negligible (note that the Higgs boson is always produced via non-resonant channels in those reactions). This is also true for the 2b process, after the implementation of the selection cuts (see below).
Finally, as total CM energy p s ep of the colliding positron-proton beams we have adopted values in the range between 300 GeV (i.e., around the HERA value) and 2 TeV. However, we focused our attention mainly to the case of a possible LEP2 LHC accelerator, using a 100 GeV positron beam from LEP2 and a 7 TeV proton one from the LHC, yielding the value p s ep 1:7 TeV in the CM frame of the colliding particles.
Results
As emphasised in Section 1, we generate the single top quark in the nal state by means of the matrix element for e + b fusion (4) convoluted with b structure functions rather than producing the initial b quark via an exact g ! b b splitting folded with a gluon density. However, to investigate the di erences between the two procedures, we show in Figure 2 the total cross section of the signal process (4) plotted against the CM energy of the ep system along with the yield of reaction (1) (the latter including top decays and nite width e ects on the same footing as the former) 11 . For reference, the PDFs used here are the CTEQ(4HQ) ones, in order to test the performances of the recently developed theory for heavy avours.
Care must be taken when comparing processes (1) and (4) with respect to each other. In fact, one should recall that the corresponding rates are strongly dependent on the (factorisation) scale . In general, the W g fusion cross section decreases sharply as the scale increases, whereas that of e + b events goes up mildly as gets larger (see Ref. 27 ] for a dedicated study in the case of p p collisions at the Tevatron). Although at LO there is no privileged choice for , Ref. 19] has shown that the most appropriate scale at the exact NLO (when both processes (1) and (4) (q being the four-momentum of the incoming virtual W boson). Therefore, we have adopted this value in producing Figure 2 (also as argument of the strong coupling constant), whereas in all other cases we will maintain the LO`running' choice = pŝ . This has been done for two reasons.
First, we have veri ed that for > pŝ min m t the rates of process (4) are rather stable, showing variations below 6-7%. Second, this choice of the scale allows one to consistently incorporate the non-resonant diagrams along with the top ones when calculating the cross sections of the complete processes (5){(7).
From Figure 2 , it is clear that, apart from the di erent normalisation, the threshold behaviour in processes (1) and (4) is substantially similar as a function of the total CM energy. Though, the ratio between the two series of curves is approximately 4.7-5.3 at 300 GeV and it decreases with increasing energy, stabilising at 1.3 TeV or so around 1.7{1.8. We trace back the behaviour of the ratio at high energies as due to the fact that the terms s ( . Note that we obtain the same pattern also for the case of on-shell top production, when no decay of the top quark is implemented.
Before proceeding, we should in fact mention that we have studied the size of the di erences between the total rates of the two processes as obtained, on the one hand, by using a nite width and implementing the decay currents and, on the other hand, by keeping the top on-shell. In general, they are at the level of few percent (the on-shell rates being larger). For example, for the b(g) induced process they vary between 2(1)% to 4(5)% when m t = 175 GeV. In fact, rates are rather insensitive to the value of the top mass.
From Figure 2 , we further note that although the cross section for process (4) is small at existing collider energies ( p s ep 300 GeV at DESY leads to a total cross section of less than 1 fb, which is negligible given the current integrated luminosity of about 20 pb ?1 47] at each of the two experiments), it increases steeply near the TeV scale. At the LEP2 LHC scale it is easily observable at the`conservative' luminosity of 100 pb ? 1 48] . There is however a sizeable dependence on the top quark mass, especially at low energies: the cross section being smaller for a phase space suppressed by a higher mass. (All our results hereafter assume the central value of 175 GeV.) Table I shows the cross section of the signal process (4) evaluated at the LEP2 LHC energy, for the discussed twenty-six di erent sets of structure functions. In the top line, separated from the rest, we report the value obtained for the LO set CTEQ(4L). As already mentioned, this is the most`consistent' result, as our ME for the hard-scattering process (4) has been computed at LO. However, as explained in the previous Section, we will resort to the 25 NLO PDFs to estimate the error due to the b quark distribution. The PDF dependence is found to be approximately 20-25%, with the maximum value of the total cross section di ering from the minimum value by 854 fb. We believe such theoretical uncertainty to be already at the present time a reasonably small error so to motivate further and more detailed simulation studies (including hadronisation, detector e ects, reducible background 16, 49]) of single top phenomenology. To appreciate this we note that the result obtained by adopting the old LO set EHLQ1 50] (i.e., the one used in Ref. 16] ) di ers by that produced by CTEQ(4L) in Table I by more than  50% ! As a further example, we present the Bjorken x and the Q dependence of the cross section of process (4) for a selection of NLO PDFs, in Figures 3a and 3b (respectively) . In particular, we have included results for some older, MRS(R1) and CTEQ(3M), and some newer, MRRS(1) and CTEQ(4HQ), sets, as representative of the two approaches MRS and CTEQ, each of the pair being tted to a similar set of experimental data so to allow for a more consistent comparison. Note that the normalisations of the curves are to unity, in order to enlighten the di erential behaviours of these quantities, in addition to their e ects on the total rates (as was done in Table I ). The clear message from Figures 3a and 3b is that the di erences between the two pairs of sets are very small (as can be appreciated in detail in the central inserts), typically a few percent over all the available kinematic range in x and Q. Although we do not show the corresponding curves, we have veri ed that such considerations also apply to the other PDFs considered here. Thus, also at di erential level the theoretical error on the rates of process (4) due to the PDFs is well under control already at present.
Though it is beyond the scope of this study to trace back whether the di erences in Table I (and Figures 3a{b) among the various sets are due to the gluon structure function or to the g ! b b splitting (which onsets the b structure function), it is worth mentioning that it could well be that by the time a future ep collider will be running the uncertainties on the former will be so under control that one might attempt to distinguish between di erent dynamics proposed for the latter. In this respect, it would be interesting to assess whether the di erences between MRRS(1) (dashed line) and CTEQ(4HQ) (dot-dashed line) among each other and with respect to MRS(R1) and CTEQ(3M), respectively, in Table I and in Figures 3a and 3b are genuinely due to the dedicated treatment of the heavy quark PDFs or not 51]. Clearly, this will require a tight control on all sources of experimental error, in particular of the actual value of the b-tagging e ciency and of the hadronisation process of the quarks at the TeV scale. Figure 4 shows the di erential distributions interesting for the nal state phenomenology of the single-top signal (4) in its hadronic (ff 0 = jet-jet) and leptonic (ff 0 =` `) channels. Those in combined jet masses are sharply peaked at the top and W masses well above the irreducible noise, indicating that for the hadronic case the jet masses can be used to clearly identify the top decays. This feature is convenient both for the elimination of top events from any other hadronic three-jet processes to which the former may act as a background, and for the elucidation of the top quark physics at ep colliders in, for example, probing the b quark distribution function. The spectra in transverse momenta p T show that neither cuts in p T nor cuts in p miss T a ect the total cross section dramatically, whereas that of R, the azimuthal-pseudorapidity separation de ned by R = q ( ) 2 + ( ) 2 (where is the azimuthal angle and the pseudorapidity) indicates that the requirement of resolving the hadronic jets (or the requirement of an isolated lepton in the leptonic case) severely reduces the event rate. The majority of events are found within R < 1:5, which is about 90 degrees in the azimuthal angle. This is because the visible jets and the lepton come from the energetic top quark. Thus, at lower energies the azimuthal-pseudorapidity spread in the top quark decay products will be larger and hence the requirement of such jet/lepton isolation not so stringent. The distribution of the missing transverse momentum in the leptonic case, and more speci cally the electronic case, is small at low missing p T and indicates that only a small proportion of the events will emulate neutral current events of the form ep ! eX. However, those which do will form a potentially dangerous background to high Q 2 neutral current events, as the low R mentioned above will concentrate the electrons to the high Q 2 region. Table II and Figure 5 show the total cross section after the acceptance cuts. The fol-lowing LHC-like constraints were implemented (see 16] for alternative selection strategies): for the leptonic channel, p`+ T ; p b T > 20 GeV, p miss T > 10 GeV and R`+ ;b > 0:7; for the hadronic channel, p j;j 0 T ; p b T > 20 GeV, p miss T > 10 GeV and R j;j 0 ;b > 0:7. We have not introduced any cuts on pseudorapidity, as the particles were found to be all concentrated in the narrow j j < 2:5 region even before any selection in p T was made.
Table II summarises the event rates for all channels at three di erent CM energies. The numbers in square brackets are the cross sections of processes (8) and (9) . These are additional backgrounds when bottom quark charge tagging is unavailable. Since these e ectively only di er from processes (5) and (6) in their non-resonant top quark production, they can be taken as a measure of the magnitude of the irreducible background. As can be noticed, such background e ects are small. We see that the hadronic cross section is higher at lower energy since, as discussed above, the acceptance cut in R a ects the rates less at smaller values of p s ep , thus compensating for the reduced total cross section shown in Figure 2 . From Figure 5 we see that background e ects do not spoil the sharp resonances in combined jet masses even after the acceptance cuts. We particularly stress that the QCD background is negligible: luckily enough, as it curiously peaks around the M W value in the di-jet mass distribution. It can also be noted that the cut in R, the jet separation, of 0.7 is a conservative choice and, as can be deduced from the distribution in R in Figure 4 , so that the rates should be expected much higher for looser constraints, especially for the hadronic channel when three separate cuts in R need to be made to resolve the three jets completely. Finally, given the optimistic vertex tagging performances foreseen for the LHC detectors 9], we would expect that only a small fraction of the event rates given in Table II will be lost in the actual analyses. In fact, we believe that the original capabilities of the LHC -vertex devices will be maintained while running the CERN machine in the proposed ep mode.
for the matrix element squared of single top production, including top width e ects and all the dynamic correlations between the top decay products, was presented in order to aid future, more detailed, experimental simulations. The complete numerical programs, evaluating irreducible background e ects as well, have been especially optimised in view of high statistic Monte Carlo simulations and are available from the authors upon request.
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